Introduction
Tumors can evade and suppress the immune system by multiple mechanisms that hinder the effectiveness of cancer immunotherapy. Two simultaneously performed strategies for overcoming these limiting mechanisms are blocking inhibitory pathways and disrupting the immunosuppressed microenvironment. An immune checkpoint pathway exploiting the natural T cell suppressive efficacy of the immune checkpoint protein is one example of such an inhibitory mechanism. 1 Inhibitory receptors are commonly overexpressed on the surfaces of tumor cells. Overexpression is the product of inflammation and antigen stimulation, which makes inhibitory receptors logical targets for monoclonal antibody (mAb) inhibition. 2, 3 Compare to other solid tumor types, melanoma which frequently displays tumor-infiltrating lymphocytes and regression on histology may express higher level of inhibitory receptors. 4 The mAbs which can specifically bind to inhibitory receptors such as legend of the programmed cell death protein 1(aPDL1) can inhibit melanoma growth efficiently. Over the last five years, the United States Food and Drug Administration (FDA) has approved some aPDL1 biologics (such as pembrolizumab and nivolumab) for the treatment of melanoma. 5 These aPDL1 biologics effectively inhibit the growth of melanoma and prolong the survival time of patients. Despite notable advances, autoimmune disorders and inflammatory side effects from aPDL1s continue to hinder the effectiveness of ICBs for melanoma treatment. [6] [7] [8] [9] Side effects are thought to be caused by non-specific T cell-mediated responses, whereby reactivity is directed against normal cells. These responses are associated with the low selectivity of aPDL1s. 10, 11 Accordingly, the delivery of aPDL1s must be improved to allow for selective distribution at the tumor site and increase the effectiveness of immunotherapy while reducing side effects for patients. Overcoming hypoxia and remodeling the tumor microenvironment could also increase sensitivity to PD-L1 blockades, enhance intratumoral T cell function, and promote tumor regression. 12 Tumors produce a suppressive microenvironment that inhibits T cell activation and promotes T cell apoptosis, which are caused by the recruitment of suppressive regulatory T cells and the secretion of suppressive cytokines. 13 Hypoxia is an important component of the tumor suppressive microenvironment that negatively impacts the activation of T cells by producing an accumulation of cyclic adenosine monophosphate (cAMP) and inhibiting the T cell receptor (TCR) signaling pathway. [14] [15] [16] To overcome hypoxia, the antioxidant enzyme catalase (CAT) (Sigma Aldrich,St. Louis, USA) may decompose hydrogen peroxide (H 2 O 2 ) in tumor cells into H 2 O and O 2 ,leading to the reduction of hypoxia-inducible factor (HIF)-1α 17 and enhancing the effectiveness of immunotherapy. 18 In short, we suggest that combining aPDL1s and CAT in a liposome delivery system may be an effective strategy for enhancing the effects of aPDL1s and inhibiting tumor growth. Liposomes are effective drug delivery vehicles for biological and practical reasons. They can deliver active biological substances, enhance the stability of drugs, reduce systemic toxicities, and enhance drug distribution selectivity. [19] [20] [21] [22] Designing liposomes that actively target the site of action is also a practical strategy for improving the selectivity of a drug in vivo, reducing systemic toxicities, and enhancing a drug's therapeutic effects, considering that liposomes are effective nanocarriers.
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Here, we prepared multifunctional immunoliposomes (termed CAT@aPDL1-SSLs; Figure 1 ) that effectively target melanoma because of the aPDL1s on the surface and internally encapsulated CAT that significantly reduces hypoxia. CAT encapsulated in liposomes retains its enzymatic activity and is protected against protease hydrolysis. aPDL1 can become inserted into the lipid bilayers of liposomes by reacting with DSPE-Hyd-PEG2000-NHS, which contains a hydrazone bond (a pH-sensitive bond), to form the lead compound DSPE-Hyd-PEG2000-aPDL1 (DSPE:1,2-distearoyl-sn-glycero-3-phosphoethanolamine (PEG: polyethyleneglycol; Hyd: hydrazone)). The liposomes exhibit pH-sensitive characteristics due to the hydrazone bond on the surface. In the acidic tumor microenvironment (pH 6.5), the hydrazone bond reacts with hydrogen ions (H + ) to reduce acidity; aPDL1 is then released and binds to the PD-L1 receptor on tumor cells to block the PD-1/PD-L1 pathway. When many hydrogen ions are consumed, the hydrazone bond will no longer be cleaved, and the entire CAT@aPDL1-SSL structure will bind to the PD-L1 receptor because of the aPDL1s on the surface (Figure 1 ). Thus, CAT@aPDL1-SSL exhibits excellent targeting ability; the material can be delivered to and accumulate in tumor tissue as demonstrated by cellular uptake in vitro and biodistribution in vivo. The immunoliposomes inhibit tumor growth and prolong the survival of mice by activating, and increasing the infiltration of, CD8 + T cells, with low systemic toxicity. All outcomes indicate that immunoliposomes containing both CAT and aPDL1 have a bright future in terms of melanoma immunotherapy. 
Materials and Methods Materials

Cell Lines and Animals
The mouse melanoma cell line,B16F10,was purchased from Cell Resource Center, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences.The B16F10 cells were maintained in Dulbecco's modified eagle medium (DMEM) (Gibco, Invitrogen, USA) supplemented with 10% fetal bovine serum (Gibco, Invitrogen, USA),100 U mL−1 penicillin (Invitrogen), and 100 U mL−1 streptomycin (Invitrogen). C57BL/6 mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Age-matched (6-8 weeks) female animals were used throughout all animal experiments. All animal experiments were conducted following the animal protocols approved by the Ethics Committee on Laboratory Animal Welfare of Peking University.
Preparation of Liposomes
Basic sterically stabilized liposomes (SSLs) were prepared using the film dispersion method. 24 SSLs containing SPC (Lecithin (soy beans)) (Corden Pharma,Eichienweg, Switzerland), cholesterol, and DSPE-PEG2000 were dissolved in 1 mL of chloroform at a molar ratio of 100:50:8. They were then dried under vacuum to remove residual chloroform and obtain a thin lipid film. The thin lipid films were dispersed in 2 mL of phosphate-buffered saline (PBS) for hydration. The final SSLs were prepared after filtration through two 200 nm polycarbonate membrane filters (Millipore, Billerica, USA). The multifunctional immunoliposomes (CAT@aPDL1-SSLs) were prepared using the film dispersion/postinsertion method. First, DSPE-Hyd-PEG2000-NHS and a coupling lipid were mixed with aPDL1(Clone:10F.9G2) (Bio X Cell, West Lebanon, NH, USA) at a molar ratio of 10:1 to form the leading compound, DSPE-Hyd-PEG2000-aPDL1, via ester conjugation between the antibody amine group and DSPE-Hyd-PEG2000-NHS. 25 The leading compound DSPE-Hyd-PEG2000-aPDL1 was identified by X-ray photoelectron spectroscopy (XPS; AXIS His-165 Ultra; Kratos Analytical, Shimadzu Corporation, Japan). 26 To reduce costs, we synthesized DSPE-PEG2000-aPDL1 without a hydrazone bond to detect using XPS. To prepare CAT@SSL, the dried lipid was hydrated using 2 mL PBS containing 3 mg CAT. DSPE-Hyd-PEG2000-aPDL1 was then incubated with CAT@SSL at a ratio of 1:100 for 4 h with continuous stirring to form CAT@aPDL1-SSLs. Excessive aPDL1 and CAT were removed using a dialysis membrane with a 300-kDa molecular weight cutoff (MWCO) (Mmbio, China). 23 Coumarin-6 (Cou-6)-loaded liposomes (C6@aPDL1-SSLs) and DiR (1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine)-loaded liposomes (DiR@aPDL1-SSLs) were also prepared using the film dispersion method.
Liposome Characterization
Particles Size, Morphology and Catalytic Activity
The particle size and polydispersity of CAT@aPDL1-SSL multifunctional immunoliposomes were measured using dynamic light scattering (DLS) (Zetasizer Nano ZS90; Malvern, United Kingdom). Transmission electron microscopy (TEM) (JEM-1400Plus; JEOL, Tokyo, Japan) was used to observe the morphology of CAT@aPDL1-SSLs after the sample was stained with 2% (w/v) phosphotungstic acid solution. The encapsulation efficiency (EE) of CAT was measured using the standard bicinchoninic acid (BCA) protein assay (Solarbio Science & Technology Co., Ltd, Beijing, China). EE% was calculated using Equation (1).
EEð%Þ ¼ Weight of the CAT in liposomes Weight of the feeding CAT Â 100% (1) The catalytic activities of free CAT and CAT encapsulated in liposomes were determined using the standard Goth's method. 27, 28 First, 0.5 mL of H 2 O 2 solution (30% water solution) was added to 1.5 mL Eppendorf (EP) tubes, then 1 mL of free CAT and 1 mL of CAT@aPDL1-SSLs were added to each EP tube and reacted with H 2 O 2 at 37°C for 1 min. Subsequently, 0.5 mL of ammonium molybdate (32.4 mM) was added to the reaction solution. The reaction was stopped once the ammonium molybdate reacted with excessive H 2 O 2 solution to produce stable yellow primrose complexes. The yellow primrose complexes were detected using a UV-vis spectrometer (Lambda 35; PerkinElmer, Waltham, MA, USA) at a wavelength of 400 nm. The relative catalytic activity was calculated using Equation (2) .
Relative catalytic activityð%Þ ¼ ðA PBS ÀA xðtÞ Þ ðA PBS À A xð0Þ Þ Â 100% (2) where A PBS is the absorbance of H 2 O 2 with PBS; A x(t) the absorbance of H 2 O 2 after exposure to CAT or CAT@aPDL1-SSL for t h; and A x(0) the absorbance of H 2 O 2 after exposure to CAT or CAT@aPDL1-SSL for 0 h.
The stability of CAT or CAT@aPDL1-SSLs against protease was also detected. CAT and CAT@aPDL1-SSLs were mixed with protease K and the catalytic activity was detected by Goth's method as noted above. A portable dissolved oxygen meter (JPBJ-608; INESA, Shanghai, China) was used to detect the catalytic activity of CAT@aPDL1-SSLs by detecting the dissolved oxygen concentration in H 2 O 2 solution at different times.
The Presence of aPDL1s on the Surface of Liposomes
C6@aPDL1-SSLs and Alexa Fluor 647-labelled goat antirabbit immunoglobulin secondary antibody (Abcam, Cambridge, USA) were used to confirm that aPDL1s were successfully attached to the surface of the liposomes. C6@aPDL1-SSLs (pH 7.4) were incubated with the secondary antibodies for 2 h at room temperature. After incubation, the mixtures were centrifuged at 14,000 rpm for 15 min and washed twice using PBS. The sediment was then resuspended in PBS and observed using confocal laser scanning microscopy (CLSM) (A1Rsi; Nikon, Tokyo, Japan). To investigate the activity of aPDL1 on the surface of liposomes at low pH conditions, the solution was adjusted to pH 6.5 using citrate buffer (pH 6.0) and the subsequent steps were repeated as described above.
Cellular Uptake of Liposomes in vitro
C6-loaded liposomes were prepared using the film dispersion method noted above. B16-F10 cells were seeded into sixwell plates at a density of 1×10 6 cells/well and incubated overnight. The culture media was then removed and the cells were washed three times using PBS. PBS, free C6, C6@aPDL1-SSLs, C6@aPDL1-SSLs, and free aPDL1 (pH 7.4) were added into each well of the plates (C6, 150 ng/mL; aPDL1, 0.01mg/mL) and incubated with B16-F10 cells for 2 h at 37°C in the presence of 5% CO 2 . After 2 h, samples were removed and 200 µL trypsin with ethylene diamine tetraacetic acid (EDTA) was added into each well to detach the cells. Suspended cells were centrifuged at 1,000 rpm for 5 min and the sediment was resuspended in PBS at a density of 1×10 6 cells/mL. To investigate the cellular uptake of liposomes in low pH conditions, the culture medium was adjusted to pH 6.5 using citrate buffer (pH 6.0) and the subsequent steps were repeated as described above. Flow cytometry (FACS Calibur; BD Biosciences, San Jose, CA, USA) was used to detect the cellular uptake of liposomes. Flow cytometry results were processed using Flow Jo 10.0 software.
Biodistribution of Liposomes in vivo
To study the biodistribution and targeting ability of multifunctional immunoliposomes in vivo, DiR, a lipophilic fluorescent probe, was used to label the liposomes. DiR-loaded liposomes were prepared using the film dispersion method noted above. C57BL/6 (6-8 weeks of age, 20 g/b) mice were injected with B16-F10 cells subcutaneously in the right flank at a density of 1×10 6 . When the tumor volume reached 100 mm 3 , the tumorbearing mice were divided into three randomized groups. They were then intravenously injected with free DiR, DiR@SSLs, or DiR@aPDL1-SSLs (DiR: 150 μg/kg). The biodistribution of the liposomes was observed using an in vivo optical imaging system (IVIS Spectrum, Xenogen, Alameda, CA, USA) at 1, 2, 4, 8, 12, and 24 h post-liposome injection. Mice were sacrificed after 24 h and the tumors and main organs were harvested for imaging in vitro. The images were processed using Living Image 4.3.1 software.
Evaluation of the Tumor Hypoxia Evolution
To evaluate the ability of liposomes to relieve tumor hypoxia, tumor-bearing C57BL/6 mice were intravenously injected with PBS, aPDL1-SSLs, CAT@SSLs, or CAT@aPDL1-SSLs (CAT: 2 mg/kg; aPDL1: 1 mg/kg). At 24 h after intravenous injection, pimonidazole hydrochloride (60 g/20 g) was intraperitoneally injected into each mouse (Hypoxyprobe-1 Plus kit; Hypoxyprobe, Inc., Burlington, MA, USA). 27 The mice were then sacrificed and the tumors were harvested for immunofluorescence staining. For detection of hypoxia-inducible factor (HIF)-1α,tumor sections were incubated with mouse anti-HIF-1α antibody (CST, Danvers, MA,USA) and Alexa Fluor 647-labelled goat anti-rabbit immunoglobulin secondary antibody (Abcam, Cambridge, USA) following the instructions of the Manufacturers.Cell nuclei were stained with 4ʹ,6-diamidino-2-phenylindole (DAPI) (Solarbio, China).The results of immunofluorescence staining were observed using CLSM (Nikon,A1R-si,Japan). Semi-quantitative results of tumor hypoxia regions were analyzed using Image J software. The positive hypoxia area was calculated using Equation (3).
The hypoxia positive areað%Þ ¼ the area of fluorescence of hypoxia maker total area Â 100%
(3)
Infiltration of T Lymphocytes in Tumor Tissue
To evaluate the infiltration of T lymphocytes in tumor tissue, tumor-bearing C57BL/6 mice were prepared using the method described above. When the tumor volume reached 100 mm 3 , the tumor-bearing mice were divided into five groups and randomly intravenously injected with PBS, free aPDL1SSLs, aPDL1-SSLs, or CAT@aPDL1-SSLs (aPDL1: 1 mg/kg). At 24 h after intravenous injection, the mice were sacrificed and the tumors were harvested for immunofluorescence staining. 4ʹ,6-diamidino-2-phenylindole (DAPI) (Solarbio, China) was used to label the nuclei of B16-F10 cells, and CD4 + and CD8 + antibodies (Bioss, Shanghai, China) were used to label the T lymphocytes in tumor tissue.The results of immunofluorescence staining were observed using CLSM (Nikon,A1R-si,Japan).The infiltration of T lymphocytes in tumor tissue was further assessed by fluorescence activated cell sorting (FACS) (FACS Calibur; BD Biosciences,San Jose,CA,USA).Tumors were harvested and digested by hyaluronidase/collagenase IV and DNase I with the shaker for an hour at 37°C to obtain the single cell suspension.The cells were filtered through 40 μm filters after washed three times and the red blood cells were removed by using red blood cell lysis buffer (Solarbio, China). Then the T lymphocytes were incubated with phycoerythrin (PE)-labelled mouse anti-CD3 antibody,Alexa Fluor 488-labelled anti-CD4 antibody and Alexa Fluor 647-labelled anti-CD8 antibody (Bioss, Shanghai, China) after the Fc block of the cells.
Antitumor Efficacy and Safety Study in vivo
To evaluate the antitumor efficacy of the liposomes, the tumor-bearing mice were randomly divided into six groups (n = 6) and intravenously injected with PBS, free aPDL1, SSLs, aPDL1-SSLs, CAT@SSLs, or CAT@aPDL1-SSLs (aPDL1: 1 mg/kg) every 3 days. During the treatment period, the weight of the mice and the volume of their tumors were recorded to evaluate the antitumor efficacy of each treatment. The tumor volumes were calculated by the formulation: V = length × width 2 /2. The survival curve of tumor-bearing mice was analyzed using GraphPad Prism 7.0 software. Finally, to evaluate the safety of using liposomes in vivo, the main organs of mice were collected for hematoxylin and eosin (H&E) staining.
Statistical Analysis
The data are presented as the means ± SD. Mean value were compared using the two-tailed Student's t-test. P < 0.05(*), P < 0.01(**), and P < 0.001(***) were considered statistically significant.
Results and Discussion
Characterization of Immunoliposomes Particles Size, Morphology and Catalytic Activity
Multifunctional immunoliposomes were prepared using the film dispersion/post-insertion method. The structure and activating mechanism of the CAT@aPDL1-SSLs were shown in Figure 1 . DSPE-Hyd-PEG2000-aPDL1, the leading compound inserted into the lipid bilayer of the liposomes, was detected by XPS. Changes in nitrogen signals relating to specific binding energies demonstrated that DSPE-Hyd-PEG2000-NHS was successfully conjugated with aPDL1 following the reaction of N-hydroxysuccinimide (NHS) and an amine of aPDL1. 25 To reduce costs, materials without hydrazone bonds were used as substitutes for reaction and detection. There was no distinct signal peak from the orbital of nitrogen (N 1s), as shown in Figure S1A , demonstrating that DSPE-PEG2000 and aPDL1 did not form the ester conjugation. However, the distinct peak of N1s signal from DSPE-PEG2000-NHS and aPDL1 confirmed that aPDL1 successfully conjugated with DSPE-PEG2000-NHS to form the compound DSPE-PEG2000-aPDL1 ( Figure S1B ). The conjugation between aPDL1 and DSPE-PEG2000-NHS was likely an ester conjugation between an amine of aPDL1 and the NHS of DSPE-PEG2000-NHS. 25 In short, these findings ( Figure S1 ) indicated that aPDL1 could successfully conjugate with DSPE-Hyd-PEG2000-NHS to form the leading compound DSPE-Hyd-PEG2000-aPDL1 via an ester conjugation between the amine of aPDL1 and the NHS of DSPEHyd-PEG2000-NHS. The particle size of CAT@aPDL1-SSL was 118.2 ± 1.763 nm, and its polydispersity was 0.223 ± 0.007, determined by dynamic light scattering (DLS) (Figure 2A) . The small particle size of CAT@aPDL1-SSLs may enhance their accumulation in tumor tissue via the enhanced permeability and retention (EPR) effect. 29 CAT@aPDL1-SSLs had a spherical structure and good dispersion capabilities according to TEM observations ( Figure 2B ). The encapsulation efficiency (EE) of CAT was determined to be 36% using the standard bicinchoninic acid (BCA) protein assay.The catalytic ability of CAT encapsulated in liposomes was determined using the Goth method and a portable dissolved oxygen meter. CAT@aPDL1-SSLs increased the O 2 concentration in H 2 O 2 solution from 4.41 mg/mL to 31.08 mg/mL, whereas SSLs did not exhibit any significant influence on O 2 concentration in H 2 O 2 solution compared to that of PBS. This suggests that CAT encapsulated in liposomes had the ability to decompose H 2 O 2 to produce O 2 ( Figure 2C ). Because proteases were present in vivo, the influence of proteases on free CAT and CAT@aPDL1-SSLs were detected to determine whether liposomes could protect the catalytic ability of CAT. CAT@aPDL1-SSLs retained 80.76% of the original catalytic ability after treatment with protease K (0.5 mg/ mL) at 37°C for 8 h ( Figures 2D and S2A , B) using a protease K digestion assay. 27, 30, 31 However, free CAT only maintained 32.41% of its catalytic ability after protease K digestion ( Figures 2D and S2A, B) . The protease K digestion assay suggested that the liposomes not only deliver CAT but also protect the catalytic ability of CAT encapsulated inside the liposomes, and prevent CAT from being digested by proteases.
The Presence of aPDL1s on the Surface of Liposomes
To confirm the presence of aPDL1s on the surface of liposomes, a liposome-encapsulated C6 (Coumarin-6) lipophilic green fluorescent probe was prepared using the film dispersion method. Alexa Fluor 647-labelled secondary antibody was used to label aPDL1 on the surface of C6@aPDL1-SSLs. Yellow fluorescence was displayed in C6@aPDL1-SSLs (pH 7.4) group due to colocalization with the secondary antibody,while the C6@SSL showed no yellow fluorescence,conforming the aPDL1 existed on the surface of liposomes in C6@aPDL1-SSL(pH7.4) group (Figure 3) .Moreover, no significant yellow fluorescence was observed from C6@aPDL1-SSLs (pH 6.5), likely owing to the hydrazone bond on the surface of immunoliposomes. The hydrazone bond was cleaved after reacting with H + in solution at pH 6.5 and aPDL1
was released (Figure 3 ). These results suggest that immunoliposomes have pH-sensitive characteristics.
Cellular Uptake of Immunoliposomes in vitro
The cellular uptake of immunoliposomes in vitro was detected by flow cytometry to investigate their specific targeting ability. The coumarin-6(C6), a lipophilic green fluorescent probe, encapsulated liposomes were prepared using the film dispersion method. The results showed no obvious differences in the cellular uptake of C6@SSLs and C6@aPDL1-SSLs at pH 6.5, nor was the uptake of C6@aPDL1-SSLs inhibited after adding free aPDL1 ( Figure 4A and C). However, differences were observed at pH 7.4, when the uptake of C6@aPDL1-SSLs was significantly higher than that of C6@SSLs and was inhibited by free aPDL1 (Figure 4B and D) . This may be due to cleavage of the pH-sensitive hydrazone bond on the surface of the immunoliposomes at pH 6.5, reacting with H + and releasing aPDL1 ( Figure 1 ). These results indicate that the immunoliposomes may consume excessive H + in tumor microenvironments, thereby improving inhibitory microenvironments. When aPDL1 was released at pH 6.5, the immunoliposomes were taken up into B16-F10 cells by endocytic pathways like SSLs, and free aPDL1 did not inhibit the uptake. 32 In addition, the immunoliposomes were taken up into B16-F10 cells at higher levels than SSLs at pH 7.4, and their uptake was inhibited by free aPDL1. This finding suggests that aPDL1 successfully conjugated with the immunoliposomes on the surface, and that immunoliposomes were likely taken up through a receptor-dependent pathway at pH 7.4. Accordingly, because of the overexpression of PD-L1 receptors on B16-F10 cells, 4 immunoliposomes may be promising candidates for melanoma immunotherapy owing to their targeting ability and accumulation in tumor tissue.
Biodistribution of Immunoliposomes in vivo
It was necessary to investigate the biodistribution of immunoliposomes in vivo because biodistribution can influence the therapeutic efficiency and side effects of immunoliposomes. Accordingly, the biodistribution of immunoliposomes was studied using an in vivo optical imaging system. DiR, a lipophilic fluorescent probe, was encapsulated in liposomes. To illustrate the targeting ability of immunoliposomes, free DiR, DiR@SSLs, or DiR@aPDL1-SSLs were intravenously injected into tumor-bearing mice (aPDL1:
1 mg/kg). Following administration, DiR@aPDL1-SSLs gradually accumulated in the tumor tissue. After 24 h, DiR@aPDL1-SSLs emitted the strongest fluorescence signal in the tumor area. This suggests that immunoliposomes had a better tumor-targeting ability than free DiR and DiR@SSLs ( Figure 5A ). To further test the targeting ability of immunoliposomes in vivo, tumor-bearing mice were sacrificed 24 h after injection, and their main organs and tumor tissues were harvested for observation ( Figure 5B ). DiR@aPDL1-SSLs exhibited significant accumulation in tumor tissue, whereas free DiR and DiR@SSLs did not exhibit any obvious accumulation in tumor tissue. Quantitative results showed that the fluorescence efficiency of DiR@aPDL1-SSLs in tumor tissue was the highest among the three treatment groups, 8.5 times higher than the fluorescence efficiency of DiR. DiR@SSLs displayed a lower fluorescence efficiency, 5 times that of free DiR ( Figure 5C ). Moreover, in vivo distribution showed that the immunoliposomes had the most effective targeting ability compared to free drugs and normal liposomes. This is probably owing to a combination of active targeting and the EPR effect, suggesting that immunoliposomes have the highest Figure 3 Colocalization results of C6@SSLs, C6@aPDL1-SSLs (pH 7.4), and C6@aPDL1-SSLs (pH 6.5). Notes: The colocalization results were observed by CLSM. The green signals represented C6@SSLs, C6@aPDL1-SSLs (pH 7.4) or C6@aPDL1-SSLs (pH 6.5) and the red signals represented Alexa Fluor 647-labelled secondary antibodies. The white arrow indicated the colocalization area. Scale bar: 10 μm. Abbreviations: C6, Coumarin-6; C6@SSLs,C6-loaded liposomes; C6@aPDL1-SSLs, C6-loaded immunoliposomes; CLSM, confocal laser scanning microscopy.
immunotherapeutic efficiency and cause the least side effects in vivo. It is also noteworthy that free DiR showed lower distributions in the liver and spleen compared to liposomes, likely owing to the faster metabolism of free small molecules and the long circulation of liposomes owing to the action of the PEG hydration layer on the surface. 33, 34 These findings further support that immunoliposomes are promising candidates for effective immunotherapy in vivo.
Effect of Immunoliposomes on Tumor Hypoxia Status
To demonstrate the effect of immunoliposomes on tumor hypoxia status, we observed the tumor hypoxia area following administration using the immunofluorescence staining method with pimonidazole as exogenous hypoxia-staining probe 31 and hypoxia induced factor (HIF)-1α as the endogenous hypoxia repoter. 17 B16-F10 tumor-bearing mice were randomly divided into four groups and intravenously injected with PBS, aPDL1-SSLs, CAT@SSLs, or CAT@aPDL1-SSLs (CAT: 2 mg/kg, aPDL1: 1 mg/kg). At 24 h following administration, the mice in each group were intraperitoneally injected with pimonidazole (30 mg/kg). The mice were then sacrificed after 90 min to harvest the tumor tissues to observe the tumor hypoxia status via immunofluorescence staining. Hypoxia status was ameliorated following treatment with CAT@SSLs and CAT@aPDL1-SSLs compared to PBS and aPDL1-SSL controls ( Figure 6A ). In addition, semiquantitative results showed that after treatment with CAT @ SSL and CAT @ aPDL1-SSL, respectively, the hypoxia positive areas were significantly decreased ( Figure 6B) . Similarly,the expression levels of HIF-1α protein of tumors collected from mice 24h after injection of CAT @ SSL and CAT @ aPDL1-SSL also showed significant decrease ( Figure S3A and B). These results suggest that the CATencapsulating liposomes effectively relieved tumor hypoxia through the activity of CAT, which decomposes endogenous H 2 O 2 into O 2 . 17, 18 Hypoxia is an important component of the Abbreviations: aPDL1, programmed death ligand 1 monoclonal antibody; CAT, catalase; SSL, sterically stabilized liposome; aPDL1-SSLs, aPDL1 modified immunoliposomes; CAT@aPDL1-SSLs, CAT-loaded immunoliposomes.
tumor-suppressive microenvironment and has a negative regulatory effect on the activation of T cells. 13 Herein, it was reasonable to believe that liposomes encapsulated CAT may display enhanced immunotherapeutic efficiency by relieving hypoxia effectively. Further,CAT@aPDL1-SSLs relieved hypoxia more effectively than CAT@SSLs, likely owing to the targeting distribution and selective accumulation of CAT@aPDL1-SSLs in tumor tissue. These results further suggest that the combination of aPDL1s and CAT is a promising candidate for melanoma immunotherapy in vivo.
T-Cell-Mediated Immune Responses
The infiltration of T lymphocytes in tumor tissues was investigated because it is an important indicator for evaluating the therapeutic effects of immunoliposomes. The infiltration of CD4 + and CD8 + T cells in tumor tissues was observed after treatment with PBS, free aPDL1, SSLs, aPDL1-SSLs, or CAT@aPDL1-SSLs (CAT: 2 mg/kg; aPDL1: 1 mg/kg) using immunofluorescence staining and flow cytometry analysis. The tumor tissues in the control PBS group had little CD8 + T cell infiltration, whereas the tumor tissues in the CAT@aPDL1-SSLs group had significant CD8 + T cell infiltration ( Figures 7A-F and S4 ). In particular, there were more CD8 + T cells infiltrating the tumor tissues in the aPDL1-SSL group than in the free aPDL1 group, suggesting that the therapeutic effects of aPDL1s were improved by conjugation on the surface of liposomes due to the EPR effect and active targeting. Moreover, the tumor tissues in the CAT@aPDL1-SSLtreated group were infiltrated with higher levels of CD8 + T cells than those in the aPDL1-SSL group. This suggests that CAT@aPDL1-SSLs may effectively promote the infiltration of CD8 + T cells in tumor tissues, likely owing to the synergistic therapeutic effects of aPDL1s and CAT. These findings also suggest that the immunotherapeutic effects of CAT@aPDL1-SSLs were mainly associated with CD8 + T cells.
Antitumor Efficacy and Safety in vivo
To demonstrate the immunotherapeutic efficiency of the immunoliposomes in vivo, control (PBS), free aPDL1, SSLs, aPDL1-SSLs, CAT@SSLs, or CAT@aPDL1-SSLs were intravenously injected into B16-F10 tumor-bearing mice every 3 days. The weights of the mice and tumor volumes were measured every 3 days. CAT@aPDL1-SSLs exhibited a superior therapeutic effect ( Figure 8A-C) . The weights of mice in the aPDL1, aPDL1-SSL, and CAT@aPDL1-SSL groups increased slightly, whereas the weights of mice in the other groups decreased ( Figure 8A ), possibly owing to the systemic symptoms caused by tumors. The tumor volume in the CAT@aPDL1-SSL group remained largely unchanged. However, tumor volumes increased by nearly 9.25-fold and 3.69-fold in the free aPDL1 and aPDL1-SSL treatment groups, respectively, compared to the primary ( Figure 8B ). These results suggest that liposomes, as nanocarriers, enhanced the treatment effects of aPDL1, likely due to the EPR effect and active targeting. The combination of aPDL1 and CAT appeared to be an effective strategy for producing synergistic therapeutic effects. Only mice in the CAT@aPDL1-SSL group survived until the end of the experiment ( Figure 8C ), further supporting that CAT@aPDL1-SSLs had anti-tumor efficacy consistent with other results of this study.
The in vivo safety of immunoliposomes was investigated via H&E staining. The morphology of the main organs, including the heart, liver, spleen, lungs, and kidneys, showed no obvious pathological abnormalities after treatment with different formulations (Figure 9 ). CAT@aPDL1-SSLs appeared to be safe, and did not produce systemic toxicity after continuous administration. Accordingly, these results suggest that the immunoliposomes developed in this study may not only have superior anti-tumor efficacy, but also great safety, making them promising candidates for melanoma immunotherapeutic treatment in vivo.
Conclusion
To overcome these limitations and enhance the immunotherapeutic efficiency of aPDL1s, we develop multifunctional immunoliposomes, called CAT@aPDL1-SSLs, modified with aPDL1 on the surface and CAT encapsulated inside. The efficacy of CAT@aPDL1-SSLs is verified by multiple experiments in vivo and in vitro. The results of the various experiments in this study suggest that multifunctional immunoliposomes combining CAT and aPDL1 are promising candidates for melanoma immunotherapy for at least three reasons. First, immunoliposomes can be easily prepared and have great targeting ability, accumulating specifically in Figure 9 Safety assessment of different formulations in vivo. Notes: The morphology of the main organs, including the heart, liver, spleen, lungs, and kidneys were observed using the H&E staining method after treating mice with PBS, free aPDL1, SSLs, aPDL1-SSLs, CAT@SSLs, or CAT@aPDL1-SSLs (Scale bar: 100 μm). Abbreviations: aPDL1, programmed death ligand 1 monoclonal antibody; CAT, catalase; SSL, sterically stabilized liposome; aPDL1-SSLs, aPDL1 modified immunoliposomes; CAT@aPDL1-SSLs, CAT-loaded immunoliposomes.
tumor tissue, thus reducing systemic toxicity. Second, immunoliposomes combining CAT and aPDL1 produce synergistic effects that enhance immunotherapeutic efficiency by blocking the PD-1/PD-L1 pathway and relieving tumor hypoxia. Third, immunoliposomes inhibited the growth of melanoma and prolonged the survival time of tumor-bearing mice. In conclusion, the multifunctional immunoliposomes developed and proposed in this study are a promising candidate for melanoma immunotherapy, and could potentially be combined with other cancer therapies like radiotherapy and chemotherapy to produce positive outcomes.
